emphasis to treatment efficacy and safety, both in clinical practice and in research.
Introduction
The importance of magnetic resonance imaging (MRI) in the diagnosis of multiple sclerosis (MS) has led to the incorporation of MRI criteria into the International Panel criteria for diagnosis (McDonald criteria) in 2001 and its role has become even more established with the subsequent 2005 and 2010 revisions [1] . Recent expert panel guideline papers have further stressed the relevance of MRI in the context of differential diagnosis. MRI is also an important tool to monitor MS disease activity. There is a need for standardized MRI protocols regarding image acquisition, timing, and frequency [2] [3] [4] . Conventional MRI parameters such as the number and distribution of focal T2 lesions and contrast-enhancing lesions are well established for diagnostic purposes. However, it has been conclusively shown that these MRI markers are rather unspecific for disease evolution characterization. In addition, conventional MRI measures show limited correlation with clinical outcome measures such as those measuring physical and cognitive decline. This is also referred to as the "clinico-radiological paradox of MS" (Fig. 1) [5] . Therefore, there is a crucial need for further imaging techniques focusing on more specific imaging markers in particular those related to neurodegenerative aspects of MS pathology.
The diagnostic role of MRI in MS has to a certain degree overshadowed the great potential of MRI for disease and treatment monitoring of MS patients. However, in recent Abstract Magnetic resonance imaging (MRI) is the most powerful tool for the early (differential) diagnosis of multiple sclerosis (MS) and has been part of the International Panel criteria (2001, 2005, 2010 ) for more than 10 years. The role of brain and spinal cord MRI in the diagnosis of MS is well established. New MR techniques and markers will further improve the diagnostic value in a research and clinical routine setting. In addition to diagnosis, MRI is widely used for prognostic evaluation as well as treatment efficacy and safety monitoring. This field has gained importance with the introduction of new MS therapeutics. Therefore, the scope of MRI-guided MS disease monitoring has been widened to include rigorous treatment monitoring aiming at "no evidence of disease activity (NEDA)". Next, safety monitoring of treated MS patients has become major concern to enable early detection of opportunistic infections such as progressive multifocal leukoencephalopathy (PML). Driven by these new developments, recently published expert panel guidelines stressed the need for standardized imaging protocols and targeted specialized imaging markers for MS diagnosis and disease monitoring. This review article aims to give an update on the role of MRI in the diagnosis and monitoring of MS with particular years, there has been substantial advancement in knowledge in this field of research, particularly with respect to alternative MRI methods and the concept of prediction of treatment efficacy and treatment safety monitoring. Therefore, the potential of MRI measures in assessing and monitoring treatment efficacy is increasingly being recognized and appreciated. With approval of the new and more effective generation of MS therapeutics, the spectrum of MRI in treatment monitoring has become broader, including the detection of opportunistic infections and paradoxical reactions (e.g., tumefactive demyelination). In addition, the emergence of immunomodulating drugs, which focus on alternative pharmacodynamic pathways for preventing MS disease progression (e.g., remyelination), require new imaging approaches to monitor disease activity [6] .
The aim of this review is to give an update on advances in knowledge with respect to the role of MRI in the diagnosis and disease monitoring of MS in the context of new expert opinion guideline papers in this field.
MRI in the Diagnosis of MS

Standardized MRI Protocol
In the past decade, it has been conclusively demonstrated that changes in MRI acquisition parameters (e.g., magnetic field strength, pulse sequences, spatial resolution, coil technology, dose of contrast media) can substantially influence the detection of focal MS pathology. This has led to the widely accepted conclusion that standardized brain and spinal cord MRI protocols are required for diagnostic and monitoring purposes. However, even in the 2010 revisions of the International Panel (McDonald) criteria specific suggestions in terms of MRI acquisition are lacking. Recent expert panel guidelines have suggested a multisequence brain and spinal cord MRI protocol which is presented in Table 1 [2] [3] [4] .
Brain MRI should be performed at a minimum magnetic field strength of 1.5 T (T) while 3 T MRI shows increased sensitivity to focal MS lesion due to improved image resolution and signal-to-noise ratio, and therefore is recommended [7] . However, although it has been conclusively demonstrated that higher magnetic field strengths (e.g., 3 T) do show improved sensitivity for white matter (WM) and grey matter (GM) lesions in clinically isolated syndrome (CIS) and MS patients as compared to standard field strengths (1.5 T), this does not have any consequences in terms of a possible earlier diagnosis of MS [8] . The spatial resolution of the 2D sequences should consist of a maximum slice thickness of 3 mm and an in-plane spatial resolution of 1 × 1 mm (measured voxel size, 3 × 1 × 1 mm). Spin echo or turbo (fast) spin echo proton-density (PD) and T2-weighted sequences are most frequently used and considered the reference standard due to their good sensitivity in detecting focal demyelinating lesions independent of their location. T2-weighted fluid attenuated inversion recovery (FLAIR) sequences show a higher sensitivity in detection of juxtacortical and periventricular lesions, but less sensitive in the posterior fossa. Isotropic 3D T2-weighted FLAIR is preferred due to the superior performance in terms of contrastto-noise ratio and the facilitation of isotropic multiplanar reconstructions, co-registration of longitudinal datasets, and application of fully automated lesion segmentation techniques [2] .
In contrast to brain MRI, the acquisition of spinal cord images is more challenging due to the small tissue volume and the presence of artifacts caused by cerebrospinal fluid (CSF) flow and blood vessel pulsation. Conventional spin-echo sequences with cardiac gating may reduce vascular-related artifacts, but further increases the likelihood of movement artifacts due to an increased acquisition time [9] . Spinal cord MRI should be performed with MRI systems operating with a magnetic field strength of 1.5 T [2] . In contrast to brain MRI, there is no published evidence that 3T image acquisition may lead to a higher sensitivity MRI in the Diagnosis and Monitoring of Multiple Sclerosis: An Update contrast-enhanced brain imaging. This strategy saves time and reduces the need for additional contrast administration [2] .
The Diagnostic Role of MRI According to MS Diagnostic Criteria
As a result of its high sensitivity to focal inflammatory demyelinating lesions, MRI has an important but also challenging role in especially the early MS disease course. This concerns in particular the establishment of an early (sensitive), but also a specific, diagnosis based on disease dissemination in space (DIS) and in time (DIT). MRI is able to detect MS disease activity with focal lesions in the brain and/or spinal cord while the patient may never have experienced any symptoms and therefore does not formally fulfill the McDonald criteria for MS (Fig. 2) . This has led to the concept of radiologically isolated syndrome (RIS). RIS patients do show a higher risk for developing a CIS suggestive of MS (patient-reported or objectively observed events typical of an acute inflammatory demyelinating event in the CNS, current or historical, with duration of at least 24 h) and later MS [1] . In order to correctly classify those patients with incidental brain lesions suggestive of MS pathology, recent diagnostic criteria for RIS have been proposed. These criteria include the number, location, and shape of the brain lesions [10] .
In patients presenting with a CIS suggestive of MS, the 2010 revisions of the McDonald criteria allow for the first time the diagnosis of MS based on one single MRI scan showing DIS and DIT (a simultaneous presence of non-enhancing and non-symptomatic contrast-enhancing lesions). These criteria increased the sensitivity and simplified the features of both DIS and DIT, while maintaining the specificity of the earlier 2001 and 2005 McDonald criteria [1] . In addition to brain lesions, spinal cord lesions play an of lesion detection. Selection of an appropriate T2-weighted sequence is essential to obtain diagnostic valuable images. Sagittal image acquisition using 2D spin echo or turbo (fast) dual-echo (PD and T2-weighted) with a spatial resolution of at least 3 × 1 × 1 mm are considered to be the diagnostic standard (Table 1) . Short-tau inversion recovery (STIR) T2-weighted sequences may be used as an alternative if PD-weighted images cannot be trusted as a consequence of flow-related artifacts possibly leading to false-positive results. T2-FLAIR lacks sensitivity for lesions in the spinal cord relative to conventional or fast T2-weighted sequences. Additional axial T2-weighted images can be obtained if a verification of changes identified in the sagittal plane is needed. The value of contrast administration in spinal cord MRI is still under discussion, since compared with brain lesions, only a small fraction of spinal cord lesions show contrast enhancement, and when it is seen, it is commonly associated with new clinical symptoms [9] . The updated imaging guidelines recommend a "one stop shop" strategy, in which spinal cord imaging is performed directly after RIS radiologically isolated syndrome CIS clinically isolated syndrome, RRMS relapsing remitting multiple sclerosis, SPMS secondary progressive multiple sclerosis lesion detection is far below the gold standard of histopathology [22] . In addition, there is a lack of standardization of image acquisition and image analysis of cortical lesions using dedicated imaging criteria on cortical GM lesions. These are important reasons why the presence of cortical lesions has not been incorporated into the McDonald criteria and is not used as an imaging marker for treatment trials on regular basis [23] .
A promising tool for MS diagnosis is the next generation of high field MRI systems operating at 7 T. However, whether in vivo 7 T MRI will improve the diagnostic accuracy and shed more light into the grey area of lesion heterogeneity needs to be investigated [24] .
MRI in MS Disease and Treatment Monitoring
MRI for Monitoring MS Disease Activity
Several studies have demonstrated that a high lesion load and the location of MS lesions at the beginning of the disease is predictive for the development of clinical disabilimportant and powerful role in the diagnostic criteria, particularly for DIS [1, 10] . In those CIS patients not fulfilling 2010 McDonald diagnostic criteria, follow-up MRI scans are necessary to eventually establish the MS diagnosis. The interval between the baseline and follow-up scan is a matter of debate. Since 80 % of the CIS patients with three or more brain lesions at baseline present with new T2 lesions after 3 months, a follow-up interval of 3-6 months has been recommended [2] . In the case of no DIT at that time, a third scan could be acquired 6-12 months later [11] . These time intervals may also apply to RIS patients. Although followup brain MRI is well established for demonstration of DIT and DIS, the value of repeated spinal cord imaging to establish the MS diagnosis is uncertain. Therefore serial spinal cord MRI not recommended in clinical routine for these purposes [12] .
New MRI Markers and Techniques for MS Diagnosis
The 2010 revisions of the McDonald criteria also have limitations. For instance, imaging has gained substantial importance whereas other (para) clinical tests such as CSF analysis are rather neglected [13] . Another serious point of criticism is that the criteria may be too liberal possibly leading to a false positive MS diagnosis, especially in the presence of ischaemic small vessel disease (SVD). This has prompted the need for additional MRI approaches that help to differentiate lesions. The spinal cord is crucial in the differentiation of MS pathology from ischemic SVD [14] . In addition, the perivascular orientation of MS lesions (i.e., the observation that most MS lesions develop around a vessel) as a potential tool for lesion and disease differentiation has gained increasing scientific interest. By applying susceptibility-weighted imaging (SWI) techniques, it has been shown that the notion of a perivascular (perivenous) lesion orientation aids to differentiate MS lesions from focal vascular lesions (Fig. 3) or focal lesions of other MS mimics including neuromyelitis optica and Susac syndrome [15] [16] [17] .
An additional point of criticism is the disregard of MS pathology beyond focal white matter lesions. Among these, GM pathology is of special interest, given its clinical relevance for cognitive dysfunction [18] . It has been shown that cortical GM lesions are rather specific for MS. The incorporation of cortical lesions into diagnostic criteria would further increase the specificity [19] . Additional pulse sequences such as the double inversions recovery (DIR) and the phase sensitive inversion recovery (PSIR) sequences have improved the detection rate of cortical GM lesions and the sensitivity can be even further increased by applying these pulse sequences at higher magnetic field strengths (Fig. 4) [20, 21] . However, it has been shown that the sensitivity of MRI using a dedicated protocol for grey matter detection of disease activity (or its absence) by MRI in a patient that receives an immunomodulatory treatment represents a measure of treatment response. This requires a baseline MRI before the initiation (or the change) of a treatment and a follow-up measurement. Due to pharmacodynamic differences, the time until MRI activity is suppressed differs between the immunomodulatory substances used in MS. For example, interferon-β preparations reduce the number of Gd-enhancing reasons faster than glatiramer acetate [33] . Therefore some authors suggest that the reference scan should be obtained 3-6 month after treatment initiation/ change in order to overcome the uncertainty if the observed new lesions occurred before the treatment became effective. Further MRI scans should be obtained at intervals of 6-12 month in order to monitor subclinical MS activity [28] .
Advanced and New MRI Measures for MS Disease and Treatment Monitoring
Given the modest correlation between established conventional MRI markers of MS disease activity (e.g., active T2 lesions, contrast-enhancing lesions) and clinical outcome measures, there is a crucial need for new and alternative MRI measures in the context of MS disease and treatment monitoring [4] . In particular, those measures focusing on aspects of MS disease pathology beyond focal inflammatory demyelinating lesions such as neurodegeneration and neuronal repair are of particular clinical relevance.
Global Brain Volume Changes as a Marker of Neurodegeneration
For a long time, neurodegeneration has been considered as an end-stage phenomenon of MS pathology. In fact, neurodegenerative changes such as volume loss in terms of brain atrophy becomes much more visible and evident in later disease stages. However, in the past few years it has been conclusively demonstrated that brain atrophy is present in the earliest stage of the MS disease, increases with disease ity [25, 26] . It is furthermore well established that disease activity as measured by MRI is more sensitive than the clinical disease activity as measured, for example, by the relapse rate. Thus, repeated MRI investigations are an established tool to detect and monitor subclinical disease activity. The most commonly used and recommended parameters that can be used in everyday practice are the detection of gadolinium (Gd)-enhancing T1 lesions and the detection of active (new or enlarging) T2 lesions [27, 28] . Although hypointense T1 lesions (black holes) correlate better with disability, this parameter reflects rather the persisting damage and not acute inflammatory disease activity.
Brain atrophy correlates best with clinical disease progression and acceleration of brain atrophy over time is thought to be a parameter of disease progression (Fig. 2 ) [29] . However, there are currently no standardized protocols to easily measure brain atrophy (see below). Thus new reliable and applicable methods to measure brain atrophy over time are required to include this parameter into routine investigations to monitor disease activity.
MR Imaging in Monitoring and Predicting Treatment Response
Almost all clinical trials investigating the clinical efficacy of a treatment in MS include standard MRI parameters (active T2 lesions, contrast-enhancing lesions) as secondary outcome measures. A recent meta-analysis of several treatment trials has demonstrated that an effect of the treatment on MRI lesions over a short period of 6-9 month in a phase 2 trial reliably predicts the effect on clinical relapse activity in a subsequent phase 3 trial with the same substance [30] . While the value of MRI measurements in treatment trials is acceptable, the utilization in everyday clinical practice has only been established in recent years. Several studies have demonstrated that the occurrence of new T2 lesions or Gd-enhancing T1 lesions during the first year of a treatment (most studies have investigated treatment with interferon-β) correlates with progression of disability [31, 32] . Thus, the Fig. 4 Axial 3D fluid attenuated inversion recovery (FLAIR) images obtained at 7 T and 3 T showing a mixed grey matter-white matter lesion on the 7 T FLAIR image (arrow). This lesion was not prospectively identified at 3 T volume measures have been repeatedly used in clinical trials to assess the effect of disease-modifying therapies. In a recent meta-analysis performed at the trial level, the overall effect of treatment on brain atrophy explained well the effect of treatment on disability [40] . Given the fact that the effect of a treatment on brain atrophy as measured by MRI correlates with clinical disability progression measured with the expanded disability status scale (EDSS), this has led to the proposal that these MRI measures should become an important outcome parameter in phase 2 and 3 trials. However, during the first 6 months-1 year of anti-inflammatory treatment, the brain volume may substantially decrease showing a subsequent stabilization during the second year of treatment. This phenomenon has been labeled as "pseudoatrophy", and it seems to be directly associated with resolution of ongoing white matter inflammation and edema induced by the anti-inflammatory drug at the time of treatment initiation [29, 41] .
In addition to the whole brain volume assessment, the evaluation of those clinically relevant (e.g., cognition, fatigue) brain tissue substructures are becoming increasingly important. Among those, the volume of the thalamus, the medial temporal lobe, and the cortical grey matter thickness are the most relevant ones. However, the measurement of neurodegeneration is not limited to the brain tissue. The measurement of the mean upper cervical cord area (MUCCA) is a promising robust tool for these purposes [42] . Atrophy quantification in such substructures and the cervical cord has not been implemented in clinical trials yet; it would require the acquisition of additional 3D T1-weighted images.
Measuring Remyelination and Neuronal Repair
Neuroprotective drugs are increasingly becoming important in the field of MS research and treatment which is reflected by a broad spectrum of therapeutics currently being under duration, and may even accelerate in the progressive disease stages (Fig. 2) . The clinical relevance of brain atrophy is well known: compared with measures of lesion load, brain atrophy shows better correlations with progression of disability and cognitive impairment, with GM atrophy being more closely associated with clinical dysfunction than WM atrophy [29] .
In terms of GM involvement, it is known that both cortical and subcortical structures are affected. Of the subcortical structures, especially the thalamus is of interest, as thalamic atrophy is consistently reported present early in the disease and has a great relevance for cognitive dysfunction [34] . Reports on the spatial distribution of cortical GM atrophy are much sparse, but in the past years several studies consistently showed that especially the temporal lobe, precentral cortical areas, and medial parietal lobe are involved [35] . Although the pathophysiological background of brain atrophy in the context of MS pathology is complex and not completely understood, several hypotheses have been postulated [18] : they include primary damage of the GM [36] , but also secondary damage due to axonal transection by lesions [37] . Multiple MRI studies consistently reported associations between whole-brain GM loss and increases of lesion load; however, recent reports suggest that the association between GM atrophy and WM pathology may be different depending on anatomical region and disease course [38, 39] . In longstanding MS it was found that, whereas subcortical GM atrophy is associated with (connected) lesion load in both relapsing and progressive MS, cortical GM atrophy is more closely associated with normal appearing tissue integrity, but only in relapsing MS, and not in secondary progressive MS (Fig. 5) .
Clearly, a better understanding and prevention of brain volume loss will have important clinical implications. Therefore, more recently, alternative treatment strategies beyond the control of inflammation focusing on neurodegenerative MS pathology have been developed. MRI brain MS patients at an asymptomatic stage is further stressed by positive effects on survival and functional outcome in the case of early and professional therapeutic intervention and patient management [51] . This has led to guidelines for MRI screening in natalizumab pharmacovigilance in terms of MRI protocols and frequency of MRI scanning. High risk patients (natalizumab treatment longer than 18 months, positive JC virus serostatus) should be screened every 3-6 months using at least an abbreviated MRI protocol including FLAIR, T2-weighted, and DWI sequences. Low risk patients (JC virus seronegative) should be monitored once a year [3] . Most of the knowledge on PML as an opportunistic infection has been derived from data of natalizumab treatment. However, we should be aware that MRI-based monitoring of patients for early PML detection is not exclusively recommended for those patients treated with natalizumab, but also for other MS drugs or the corresponding active substances, including alemtuzumab, rituximab, dimethylfumerate, and others [47, 52] . In addition, PML is not the only opportunistic infection which can be observed during MS treatment. MS therapeutics-related infections include a broad spectrum of pathogens including varizella zoster virus as has been shown in patients treated with fingolimod, a sphingosine 1-phosphate receptor modulator approved for MS treatment [53] .
In addition, serious paradoxical reactions, such as tumefactive demyelination or overwhelming inflammatory demyelination, can occur during fingolimod treatment [54] . Given the growing number of emerging immunosuppressive and immunomodulating treatments for MS, MR-based safety monitoring will become increasingly more important and will be incorporated into future imaging guidelines for MS disease monitoring in the near future.
Conclusion
The role of MRI in the diagnosis and monitoring of MS is continuously gaining importance since we are increasingly able to detect and monitor MS pathology in a more sensitive and specific way. This leads to more individualized treatment strategies in MS patients including new generations of MS therapeutics targeting neuroprotection and remyelination. However, there is an ongoing need for additional conventional and quantitative MRI markers focusing on special and clinically relevant features of MS pathology. The standardization of these promising MRI methods for clinical routine and multicenter use will be a major challenge for the near future. In addition, there is a crucial need for the standardization of reading and interpretation of MS pathology on conventional MRI such as cortical grey matter lesions as well as for atrophy measurements. In addition, there is an unmet need for knowledge and guidance regarding the investigation in phase 1 and 2 clinical trials [43, 44] . Among these substances, remyelinating agents are of particular interest and clinical relevance in MS. Conventional MRI techniques are of limited value in monitoring remyelination. However, the measurement of the evolution of transient T1 hypointense lesions (black holes, BH) as a potential marker is a well-established concept and is increasingly being applied in clinical treatment trials [45] . However, there is broad spectrum of advanced imaging techniques available allowing a more specific in vivo evaluation of the myelin content. This spectrum of methods includes magnetization transfer ratio (MTR), restricted proton fraction, diffusion tensor imaging (DTI), and positron emission tomography (PET) techniques. Among those, DTI and MTR are the most feasible techniques for clinical purposes. In particular, MTR can elegantly detect changes consistent with demyelination and remyelination. These changes can be observed within the same lesion, although they followed a different temporal evolution. Of note, signs of remyelination can be present even in lesions 3 years after their formation [46] . Although the uses of quantitative MRI measures for the measurement of remyelination or disease monitoring in general do have a promising potential, we have to be aware that their use in the clinical routine and multi-center setting is to a certain degree hampered by the longer acquisition, longer post-processing time and the lack of standardization.
MRI for MS Pharmacovigilance
Since the approval of the new and more effective generation of MS therapeutics the role of MRI in MS drug surveillance is increasingly gaining importance. The major aims of MRI drug surveillance includes the detection of unwished and unexpected MS disease activity (see above), paradoxical reactions (e.g., tumefactive demyelinating lesions), comorbidities (e.g., vascular, neoplastic), and unwanted side effects such as opportunistic infections [47] .
The importance and clinical relevance of brain MRI for pharmacovigilance purposes has been well demonstrated in particular by studies monitoring MS patients treated with natalizumab (Biogen-Idec Inc., Cambridge, MA), a recombinant humanized monoclonal antibody against α4-integrin [48] . Progressive multifocal leukoencepalopathy (PML) is a relatively rare but serious side effect of natalizumab treatment. As of March 3rd 2015, 538 PML cases in natalizumab treated MS patients have been reported (Biogen Idec MedInfo. Available at: https://medinfo.biogenidec.com). It has been conclusively demonstrated that brain MRI is the most valuable screening method for the detection of PML being able to detect PML lesions in an early stage while the lesions are relatively small and the patients do not show any clinical symptoms suggestive of PML [49, 50] . The clinical relevance of PML lesion detection in natalizumab-treated lesion interpretation on MR sequences with sensitivity specific pathology like iron (e.g., phase imaging). Implementation of the new generation of high-field MRI systems and their potential role in the detection and quantification of MS pathology has been investigated in relation with the MS diagnosis and differential diagnosis. Whether high-field MRI technology is also of use for MS disease monitoring must be further evaluated.
